Development of obesity in animals is affected by energy intake, dietary composition, and metabolism. Useful models for studying this metabolic problem are Sprague-Dawley rats fed lowfat (LF) or high-fat (HF) diets beginning at 28 days of age. Through experimental design, their dietary intakes of energy, protein, vitamins, and minerals per kg body weight (BW) do not differ in order to eliminate confounding factors in data interpretation. The 24-h energy expenditure of rats is measured using indirect calorimetry. A regression model is constructed to accurately predict BW gain based on diet, initial BW gain, and the principal component scores of respiratory quotient and heat production. Time-course data on metabolism (including energy expenditure) are analyzed using a mixed effect model that fits both fixed and random effects. Cluster analysis is employed to classify rats as normal-weight or obese. HF-fed rats are heavier than LF-fed rats, but rates of their heat production per kg non-fat mass do not differ. We conclude that metabolic conversion of dietary lipids into body fat primarily contributes to obesity in HF-fed rats.
INTRODUCTION
The incidence of obesity is increasing worldwide, which is caused by greater energy intake than energy expenditure over a prolonged period of time (1, 2) . The excess energy is stored as triacylglycerols in adipocytes of white adipose tissue. This metabolic disorder is closely associated with many adverse health problems and is a major risk factor for type II diabetes, cardiovascular disease and some types of cancer (3) (4) (5) . Genetics can predispose people to gain excessive white adipose tissue. However, the environment (including diet and physical activity) is likely a primary contributor to the increase in global human obesity in recent decades (1, 2) . Specifically, high intake of dietary saturated fat plays an important role in the development of obesity in humans (1) and other animals (6, 7) . Although there are suggestions that dietary intake of animal protein is positively related to overweight and obesity in humans (8) (9) (10) , increasing consumption of L-arginine has been reported to reduce white adipose tissue and improve metabolic profiles in growing rats (11) , diet-induced obese rats (12, 13) , Zucker diabetic fatty rats (14) (15) (16) , pigs fed a corn-and soybean meal-based diet (17, 18), and obese subjects with type-II diabetes mellitus (19) through both nitric oxide-dependent and independent mechanisms (21-23). Additionally, dietary intake of glutamate, which is a major amino acid in foods of animal and plant origin (24) and activates taste receptors in the digestive tract (25, 26), can enhance diet-induced thermogenesis in brown adipose tissue of young adult rats (27) and reduce white-fat deposition in adult rats (28) and in growing pigs (29) . At present, it is not known, under conditions of over-nutrition (e.g., excessive consumption of dietary saturated fatty acids and carbohydrates), whether obesity in humans and other animals results primarily from metabolic conversion of dietary fat into body fat, reduced energy expenditure (cellular thermogenesis), or both.
Because of ethical concerns over studies involving human subjects, animal models have been widely used to study the mechanisms responsible for the development of obesity (30-33). A useful model is male Sprague-Dawley rats, which are fed a low-fat (LF) or high-fat (HF) diet beginning at 28 days of age (12) . Over the entire experimental period, dietary intakes of energy, protein, vitamins, and minerals per kg body weight do not differ between the two groups of rats so as to eliminate confounding factors in data interpretation. To measure the 24-h energy expenditure of rats, they are placed individually in a computercontrolled Oxymax instrument (an open-circuit calorimeter) to obtain the following parameters: the volume of O 2 consumption (VO 2 ), the volume of CO 2 production (VCO 2 ), respiratory quotient (RQ), and heat production (HP) (34). A regression model is then constructed to predict body weight gain based on diet, initial body weight gain, as well as the principal component scores of RQ and heat production. This approach requires interdisciplinary collaboration and expertise in nutrition, metabolism and statistics.
The overall effects of dietary treatment and time on RQ, HP, VO 2 and VCO 2 are statistically analyzed using a mixed effect model that fits both fixed and random effects (35, 36) . The fixed effects include diet type, a cubic polynomial of time within day in hours and different slopes by diet (diet x time interaction). The random effects allow different animals to have different intercepts. A random slope is also included in mixed models and can be removed later on if it is statistically not significant. Data on food and energy intake can also be analyzed similarly using a mixed effect model. The diet effect is then determined using a likelihood ratio test (36). Statistical data on RQ, HP, VO 2 , and VCO 2 are then summarized using the functional principal component analysis (FPCA) (37). Furthermore, a regression model is constructed to predict weight gain in adult animals based on diet, initial body weight gain, and the principal component scores of RQ and HP (35, 36) . Finally, cluster analysis is employed to classify rats as either normal-weight or obese. Values of P ≤ 0.05 are taken to indicate statistical significance. All statistical analyses are run using the R 2.15.1 software for Windows (38) .
MODELS OF DIET-INDUCED OBESITY

HF diets for induction of obesity in rats
HF diets reduce food intake by animals through both central (brain) and peripheral (intestine) mechanisms that regulate the production of neural, hormonal and metabolic signals (e.g., serotonin, glucose and fatty acids) (39, 40) . Thus, the contents of energy, protein and micronutrients in a HF diet must be proportionately higher than those in a LF diet, depending on the extent of reduction in food intake by HF-fed rats compared with LFfed rats per kg body weight (Table 1) . This ensures similar intakes of energy, amino acids, vitamins, and minerals between LF-and HF-fed rats and also helps prevent deficiencies of these nutrients in the HF group, when all the rats are allowed to have free access to their respective diets (Table 2 ). An example for LF and HF diets is given in Table 1 (Research Diets, New Brunswick, NJ), which has been used to feed Sprague-Dawley rats beginning at 28 days of age (one week after weaning) (12) . Note that the LF (4.3% fat) and HF (23.6% fat) diets provide 10% and 40% of total energy as lipids (mainly lard), respectively and that the ratios of protein, vitamins, minerals, and fiber to energy are constant in the LF and HF diets. Both diets use casein (88.1% protein) as the source of protein and are supplemented with L-cystine to provide adequate amounts of total sulfur-containing amino acids. Compared with the LF diet, the HF diet does not affect the consumption of water by rats (12) . A significant increase (+8.5%) in the body weight of rats occurs after they have been fed the HF diet for 9 weeks between 4 and 13 weeks of age (Table 3 ). In rats fed the HF diet, fat content in the body increases by 20.3% while the non-fat content decreases by 3.7%, when compared with the LF group (Table 4) . Overall, at 13 weeks of age, total amounts of fat per rat are 73 and 95 g, respectively, in the LF and HF groups, whereas total amounts of non-fat mass (lean tissues) per rat are 403 and 423 g, respectively, in the LF and HF groups. Skeletal muscle primarily contributes to the increase in the absolute amount of lean tissues in rats fed the HF diet (Table 4) .
Sex, strain and sources of rats
ale rats are often used to study diet-induced obesity (12) to avoid drastic changes in reproductive hormones associated with the physiological estrus cycle in females (41) . However, female rats have also been employed to address sex-specific differences in responses to nutritional alterations and to determine impacts of maternal nutrition on fetal and postnatal development (42) . Both Harlan Laboratories (Houston, TX) and Charles River Laboratories (Wilmington, MA) provide outbred Sprague-Dawley rats and Wistar rats for studies involving diet-induced obesity. There are inter-strain differences in genetic backgrounds, endocrine status, metabolism, and growth between these two strains of rats (43) (44) (45) (46) (47) . For example, although Sprague-Dawley and Wistar rats have similar energy intake and body weight gain, Wistar rats possess a greater amount of final body fat than SpragueDawley rats, regardless of the type of diet (48) . In addition, intra-strain differences exist for either Sprague-Dawley rats (49) (50) (51) or Wistar rats (52) (53) (54) , depending on sources of the animals and their breeding locations. For example, Sprague-Dawley rats obtained from Charles River Laboratories gained body weight (Table 3) and white adipose tissue (Table 4) faster than Sprague-Dawley rats supplied by Harlan Laboratories (12) , even though they were housed in the same animal facilities and fed the same diet. Specifically, at 13 weeks of age, the mean body weights of Sprague-Dawley rats from Charles River and Harlan Laboratories were approximately 480 and 380 g, respectively, when they were fed a LF diet (Table 1) . Of note, results of studies with Sprague-Dawley rats from either Charles River Laboratories or Harlan Laboratories have shown that not all of them become obese in response to HF feeding and a subset of them is resistant to the development of obesity (55) (56) (57) . This phenomenon should be considered in research plan, experimental design, and data interpretation (58-60).
DETERMINATION OF THE ENERGY EXPENDITURE OF RATS
Heat production by animals
According to the first law of thermodynamics (energy conservation), energy is neither destroyed nor created and it is only converted from one form into the other. Energy needs of animals are met by the oxidation of fatty acids, glucose and amino acids in a cell-and tissuespecific manner (23). Based on the fact that oxidation of 1 mol NADH and 1 mol FADH 2 yields 2.5 mol and 2 mol ATP in cell metabolism, respectively, ~ 55% of the chemical energy in glucose and fatty acids and ~42% of the chemical energy in protein are conserved in energy-rich phosphate bonds (primarily ATP), with the remaining being converted into heat (61) . Energy-dependent biochemical reactions and physiological processes (e.g., protein turnover, the urea cycle, gluconeogenesis, nutrient transport, various "futile cycles", Na/KATPase activity, renal function, gut motility, as well as cardiac and skeletal muscular contractions) utilize approximately one-third of the energy released from ATP hydrolysis, with the remaining chemical energy being converted into heat (62, 63) . In cells, rates of ATP utilization are precisely matched by rates of ATP production. In mammals (e.g., rats and humans) possessing brown adipose tissue, its unique uncoupling protein-1 inhibits ATP synthesis from ADP and Pi, thereby dissipating all the chemical energy from mitochondrial substrate oxidation into heat (23). Thus, the energy released from the oxidation of macronutrients is ultimately transformed into heat in animals.
Indirect calorimetry for measurement of energy expenditure
Indirect calorimetry is a technique that provides accurate estimates of heat production (an indicator of energy expenditure) from measures of CO 2 production and O 2 consumption by an animal (58) , thereby eliminating the need of using a complex, delicate, and costly instrument to directly determine heat production by animals (direct calorimetry). Advances in gas exchange measurement have made indirect calorimetry readily available for research involving humans and rodents (59) . This technique is based on the principles that: (1) there are no considerable reserves of inhaled O 2 in animals and their consumption of O 2 reflects the oxidation of organic nutrients in the bodies; (2) chemical energy in animals is derived from the oxidation of carbohydrates, fatty acids, and amino acids to CO 2 and H 2 O; (3) the ratios of O 2 consumption to CO 2 production resulting from the oxidation of these macronutrients are constant in animals; (4) the oxidation of fatty acids, glucose and nonnitrogenous substances to CO 2 and H 2 O in animals yields the same amounts of heat as those from combustion in a bomb calorimeter; and (5) the oxidation of amino acids in animals generates urea (as the major nitrogenous end-product), CO 2 and H 2 O (58-60). Requirements of O 2 for heat production differ among macronutrients, as consumption of 1 mol O 2 by the
Closed-and open-circuit methods in indirect calorimetry
There are closed-and open-circuit methods for indirect calorimetry. In the closed-circuit system, the animal breathes the same air from the chamber or prefilled container (spirometer), CO 2 in expired air is absorbed by a canister of soda lime (potassium hydroxide) in the breathing circuit for its measurement, and an oxygen analyzer attached to the chamber or spirometer records O 2 uptake based on changes in the system's O 2 volume.
Because O 2 is continuously used by the animal, the chamber or environment will eventually become hypoxic in a closed-circuit system, thus limiting the period of the RQ measurement. In contrast, in the open-circuit system, the animal inhales ambient air with a constant composition of O 2 (e.g., 20.93%), CO 2 (e.g., 0.04%) and N 2 (e.g., 79.04%), and expired gases are then analyzed. The changes of O 2 and CO 2 percentages in expired air, compared with those in inspired ambient air, indirectly reflect rates of energy metabolism in the body. Additionally, in the open-circuit system, air flows through the chamber at a rate that constantly replenishes the O 2 depleted by the animal, while simultaneously removing the CO 2 and water vapor produced by the animal. Because of its convenience, the computercontrolled open-circuit indirect calorimetry is now widely used for measuring energy expenditure in animals for hours or days (58, 59 ).
Use of the open-circuit indirect calorimetry to measure energy expenditure in rats
Caution should be taken in using an open-circuit calorimeter to measure 24-h O 2 consumption and CO 2 production by rats (59) . For example, animals should be familiar with the chamber environment before the RQ is determined. In our procedures (34), three days before the measurement, animals are placed in their assigned metabolic cages (1 rat/cage) for 4 h each day to acclimatize them to the cages. On the day of measurement, individual rats are placed in their metabolic cages for 0.5 to 1 h before any measurement is taken in an environmentally controlled room (25°C). Drinking water and food should be available to the rats at all times. Energy expenditure (indicated by heat production) of the animals is determined every 3 or 4 weeks (depending on experimental design) by placing them individually between 9:00 and 11:00 AM in their cages. It is recommended that one rat from each treatment group be simultaneously analyzed for energy expenditure to minimize experimental errors between treatment groups and that the normal light cycle be used for all the animals. Additionally, gas analyzers should be calibrated using a standard gas mixture containing known concentrations of CO 2 (e.g., 0.50%), O 2 (e.g., 20.5%), and N 2 (e.g., 79%) before the measurement of O 2 and CO 2 starts on each day.
In a 4-chamber system, a 2-min measurement of O 2 consumption and CO 2 production is made for each rat, followed by a 2-min wash-out period after four rats are analyzed in a cycle. Thus, there are 6 observations for VO 2 , VCO 2 , RQ, and heat production per hour during a 24-h period. The mean within each hour of the measurement is then computed, leading to 24 observations per rat in a day, as illustrated, for example, in Figure 1 . RQ is defined as the ratio of the volume of CO 2 produced (e.g., L/kg body weight/h) to the volume of O 2 consumed (e.g., L/kg body weight/h), i.e., RQ = VCO 2 /VO 2 (60) . Note that RQ has no unit. The function of the lungs should be normal to obtain accurate values of O 2 consumption and CO 2 production by animals. HP is then calculated from the values of O 2 consumption and CO 2 production according to the Brouwer equation (62):
. If the unit of VO 2 and VCO 2 is L/kg body weight/h, the unit of HP is Kcal/kg body weight/h. An example is provided for 13-week-old SpragueDawley rats (Charles River Laboratories) fed a LF or HF diet ( Table 5 ). Values of VO 2 and VCO 2 are affected by dietary composition. The HF and LF diets differ in the major sources of dietary energy [lard vs digestible carbohydrates (i.e., cornstarch + sucrose)]. Although the dietary intake of energy per kg body weight is similar between the two groups of rats, the body weights of HF-fed rats are greater, but the rates of whole-body heat production per kg body weight are lower, than those for LF-fed rats at 13 weeks of age (Table 5) . However, when data on energy metabolism in 13-week-old rats are expressed per kg non-fat mass, rates of heat production do not differ between the LF and HF groups (Table 6) . Similarly, HF feeding between 4 and 8 weeks of age does not affect rates of heat production by 8-week-old rats when values are expressed per kg non-fat mass (12.9 ± 0.14 vs 12.8 ± 0.12 Kcal/kg non-fat mass/h, for HF and LF groups, respectively; means ± SEM, n = 16; P > 0.05). Clearly, consumption of saturated fat favors the deposition of triacylglycerols in the body but does not affect energy expenditure in Sprague-Dawley rats. Therefore, metabolic conversion of dietary lipids into body fat primarily contributes to obesity in HF-fed animals.
Expression of data on energy metabolism in normal-weight and obese rats
Relationships between metabolic rate and body weight differ between small and large mammals (60) . Additionally, the metabolic rate of an animal is not linearly proportional to its body weight (60) . This complex picture is further complicated by the fact that different tissues have different rates of metabolism, heat production, or O 2 consumption per kg tissue (e.g., brown adipose tissue > heart > kidney > liver > small intestine > skeletal muscle > white adipose tissue) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) . For comparison, values for O 2 consumption and heat production in tissues of resting overnight-fasted rats are shown in Table 7 . Interestingly, the brain, liver, heart, kidneys and small intestine account for 7.6% of the body weight but 51.4% of whole-body O 2 consumption (Table 7) . Although the rate of O 2 consumption or energy expenditure per kg tissue mass in resting skeletal muscle is much lower than that for internal organs, the skeletal muscle contributes to 20.7% of the whole-body O 2 consumption or heat production due to its large mass. In contrast, white adipose tissue accounts for 12.4% of the body weight but only 1% of the whole-body O 2 consumption or heat production due to its low metabolic rate (76) (77) (78) . Thus, there is considerable debate over the last century about an appropriate way to express data on O 2 consumption, CO 2 production, and energy expenditure by humans and other animals (59) . Because the weights of internal organs (other than white adipose tissues) and skeletal muscle are relatively constant per kg body weight but the weights of white adipose tissue are substantially increased in obese rats compared with lean rats (12) , expression of whole-body O 2 consumption or heat production data per kg body weight or metabolic weight (the body weight raised to the power of 0.75) may lead to an underestimation of metabolic activities (including energy expenditure) in the fat-free tissues or lean body mass of obese animals. Therefore, the simple division of metabolism variables by body weight or metabolic weight does not provide accurate information to compare true metabolic rates between normal-weight and obese animals. A solution to overcoming this problem is to determine body composition, including the weights of white adipose tissue, brown adipose tissue, and other major O 2 -consuming tissues in each animal. Then, data on rates of energy metabolism in rats fed the LF or HF diet can be more accurately expressed per kg non-fat mass (Table 6 ), as noted previouly. If the weights of non-white fat tissues (e.g., skeletal muscle, liver, heart, kidneys, small intestine, and brown adipose tissue) do not differ between LF-and HF-fed rats, data on energy metabolism (i.e., rates of O 2 consumption, CO 2 production, and heat production) can be expressed per animal to indicate its metabolic activity. However, this does not apply to HF-fed rats, as the non-fat masses of some tissues (e.g., skeletal muscle, heart, liver, and kidneys) are increased, as compared to the LF-fed group (Table 4) .
LYSIS OF RQ VALUES
Analysis of VO 2 , VCO 2 and RQ values
As noted previously, RQ values can reveal information on the nature of oxidation of energy substrates in whole animals (Table 8) . Due to the different composition of C, O, and H in glucose, fatty acid, and protein, the complete oxidation of each of these nutrients gives a characteristic RQ. Catabolic and anabolic pathways for the metabolism of carbohydrate, fat, and protein yield very different RQ values. For example, RQ is 1.00 and 0.70 for the oxidation of glucose and fatty acids, respectively. In addition, RQ values between 0.80 and 0.85 implicate oxidation of fatty acids, glucose and amino acids to CO 2 and water. Furthermore, RQ values between 0.67 and 0.70 suggest that animals mobilize fat store, providing fatty acids for oxidation and glycerol for gluconeogenesis. In animals, complete oxidation of glucose, fatty acids and amino acids to CO 2 and water occur simultaneously in a cell-and tissue-specific manner. For example, the rat small intestine uses arterial blood glutamine as the major fuel in the fasting state but dietary amino acids (glutamine, glutamate and aspartate) plus some diet-derived glucose plus arterial blood glutamine in the fed state (61) . In contrast, the rat skeletal muscle utilizes fatty acids and glucose as major metabolic fuels in the fed state but primarily fatty acids and ketone bodies in the fasting state (79) . Therefore, RQ values for tissues are affected by dietary composition and physiological states. In support of this view, the large p-values associated with diet and diets x time interaction in Figure 1 indicate that rats fed the LF and HF groups have very similar patterns of O 2 consumption. However, this is not true for rates of CO 2 production, as rats fed the LF diet have a larger amount of CO 2 production (P < 0.001) than the HF group, which is likely due to the oxidation of carbohydrates (a major component of the LF diet), resulting in greater production of CO 2 in the LF group than the oxidation of fat (the major source of dietary energy) in the HF group.
Diurnal changes in VO 2 , VCO 2 and RQ
Rats eat during the night (dark hours) and food consumption results in increased oxidation of various amounts of macronutrients to CO 2 and H 2 O (77). Thus, rats exhibit diurnal changes in RQ (Figure 1 ), as reported for genetically diabetic obese rats (78, 79) and in streptozotocin-induced diabetic rats (82) . For example, the RQ values for LF and HF groups of rats decrease after 6:00 am and reach a minimum at 7:00 pm ( Figure 1 ). This is related to their feeding time, which is between 7:00 pm and 6:00 am. Immediately after feeding (i.e., after 7:00 pm), the RQ values for the HF and LF diet groups increase and reach the nearly constant peak values of 0.85 and 0.98, respectively, over the period between 11:00 pm and 6:00 am (next day), reflecting the use of different energy substrates for oxidation in each group during the day. As noted previously, the oxidation of fat and carbohydrate in rats yields RQ values of 0.70 and 1.00, respectively. Therefore, a RQ value of 0.85 in the HF group may reflect the oxidation of a mixture of energy substrates (primarily fat and glucose) in the animals. Thus, RQ values for the LF group are higher (P < 0.001) than for the HF group between 8:00 pm -3:00 pm (next day), while these values are very similar between 4:00 pm and 7:00 pm when little food is consumed. Overall, the RQ trajectories of both diet groups are drastically different over a 24 h period (P (diet x time) < 0.001) (Figure 1 ) due to the use of different metabolic fuels. Thus, RQ values of rats in different treatment groups should be made at the same time to avoid differences brought about by diurnal changes in energy metabolism.
ANALYSIS OF ENERGY EXPENDITURE IN ASSOCIATION WITH BODY WEIGHT
Summarizing the data using FPCA
FPCA is a data reduction technique (83) . For convenience, an example is illustrated in Figure 2 for energy metabolism data expressed per kg body weight. The same statistical method also applies to data expressed per kg non-fat mass. Specifically, we used FPCA to summarize the 24 observations per rat in the LF group ( Figure 3 ) and HF group (Figure 4 ) using a limited number of measurements (one or two for each rat), called principal component (PC) scores, without losing useful information. Each PC accounts for a different mode of variation in the original trajectories: simply taking the mean over the 24-h period results in the potential loss of valuable information, as it only accounts for one specific mode of variation, which is not generally sufficient. The first two PC scores (per rat) for each of the four variables are shown in Figure 2 . These plots provide a useful graphical tool to identify which rats had similar responses during the day. Rats fed the LF and HF diets had distinct distributions of RQ values based on FPCA analysis (Figure 2 ). For instance, rats #4 and #11 in the low-fat group had very similar responses (see plot A in Figure 2 ), and this is confirmed in Figure 3 as rats #4 and #11 also had very similar RQ trajectories. The same was true for rats #3 and #13. In general, if two rats have similar values as illustrated in Figure 2 , they are expected to have similar response trajectories over the day in Figure 3 . The percentages shown on each axis in Figure 2 are used to assess the amount of information lost by shifting from 24 observations per rat to two PC measurements per rat. The closer the sum (of the % on the x and y axis) is to 100%, the less information is lost in the reduction process. A sum above 85% is deemed satisfactory. Thus, we can summarize the trajectories of 24 observations per rat in a very efficient way using only two measurements. Those two PC scores provide very useful information in predicting body weight of rats ( Figure 5 ) as described in the next section. All of the statistical conclusions in the previous section are confirmed graphically in Figure 2 . For instance, the clear separation in plot A and to a lesser extent in plot D among rats belonging to the different diet groups further indicates that the effect of diet on RQ and VCO 2 is highly significant (P < 0.001).
Regression analysis to predict weight gain in adult rats based on RQ and heat production
Some of the LF-fed rats became obese, whereas some of the HF-fed rats were resistant to the development of obesity (Table 4 ). This is due to individual genetic differences among animals, which influence energy metabolism and, therefore, body weight gain. Because a close relationship between RQ and heat production, RQ values are very useful to predict energy intake and changes in the body mass of diet-induced obese animals (84) . Here, we use linear regression analysis to develop a model to predict weight gain in adult rats based on RQ and heat production. Results are summarized in Table 9 .
Here, BW denotes the body weight at the end of study in grams (g), and Diet equals 1 if the rat belongs to the HF group or equals 0 if the rat is in the LF group. RQS and HPS are the first PC scores for RQ and HP (Figures 6 and 7) , respectively (the values on the x-axis in Figure 2B and 2D), and IWG (g) is initial body weight gain during the first week of the study. The adjusted R2 for the above model is 0.70. Figure 5 shows a scatter plot of the predicted values of BW using the above model versus the actual observed BW values. The points lie well on the green line. This further supports the adequacy of our regression model.
At the end of the 9-week experimental period, the mean body weight of HF-fed rats is greater (P < 0.01) than that of LF-fed rats. Typically, a high 1 st PC score indicates aboveaverage activity over the 24 h period. For instance, rats #25 and #29 in the HF group shown in red in Figure 2 (B) have the highest scores on the 1 st PC (the x-axis), indicating that their heat production levels were well above average for all the 32 rats in the HF plus LF groups (see Figure 7) . These rats would be expected to have lower body weights according to the regression equation shown above and this is confirmed as their actual weights were 432.4 and 456.3 g, respectively. On the other hand, rats #24, #28, and #30 in the HF diet group had low HP S scores (below-average HP levels) and, not surprisingly, high body weights (583.1, 571.0 and 625.7 g, respectively). The same results were obtained when evaluating rats in the LF diet group. We initially included additional PC scores as potential covariates (together with the VCO 2 and VO 2 PC scores) in the regression model; however, none of them were statistically significant (P > 0.05). Thus, an appropriate statistical method should be used to analyze data collected over an extended period of study.
Cluster analysis
Obesity in humans is generally defined as a body mass index [BMI = body weight/(height) 2 ] ≥ 30.0 kg/m 2 (85) . BMI is used because it is positively correlated with the amount of body white fat in most people. Currently, there are no standard criteria on defining overweight or obesity in laboratory animals (e.g., rats and mice), companion animals, and other species (86, 87) . Cluster analysis is a statistical tool designed for classification and data reduction purposes. This methods allows large data to be classified into subgroups based on their similar characteristics without prior knowledge of their group membership (88) . A procedure such as the k-nearest neighbor procedure is a useful exploratory tool for classifying relatively large data into subgroups when there is some prior knowledge of the potential number of subgroups within the given data set. For example, in classifying animals to either a normal-weight group or obese group based on their phenotypic characteristics (e.g., body weight). In this instance, researchers rely on the hypothesis or prior knowledge that the animals belong into two potential body weight groups, namely, the normal-weight group and the obese group. The k-means procedure works by partitioning a data set consisting of n observations into k-clusters, where each observation within each cluster is classified based on its distance to the mean of the nearest cluster, while minimizing the variation between observations within each cluster. Therefore, observations classified into the same cluster are deemed to be more similar when compared to observations across clusters. Thus, we decided to use a cluster analysis method called the K-nearest neighbor clustering approach (88) to define obesity in rats.
As shown in Figure 8 , the male Sprague-Dawley rats in our studies do not belong in one homogeneous cluster but appear to belong into more than one subgroup or cluster based on their initial body weight within the first week of the HF feeding and their body weight at week 13. We can proceed to classify the rats weighing ≤ 470 and ≥ 470 g at 13 weeks of age as lean and obese animals, respectively. Among the 32 rats, 12 of them (7 in the LF group and 5 in the HF group) are classified as normal-weight, while 20 of them (9 in the LF group and 11 in the HF group) are classified as obese. The mean body weight in the obese group is 23% greater than that in the normal-weight group (536 vs 436 g). The weights of these four groups of rats between 4 and 13 weeks of age are shown in Figure 9 . It would be important to identify genes that promote or inhibit the development of obesity in the animals. This goal can be achieved using the microarray analysis (13, 14) and appropriate statistical methods (89, 90) .
In general, classification tools such as the k-nearest neighbor approach can be useful for exploring whether or not animals can be classified into more than weight subgroups such as obese and lean based on their body weights. However, there is potential for loss of information when the animals are classified into categories prior to conducting any statistical analysis. For example, as the sample size (n) of the data set increases, there is potential for the clusters not to be clearly defined in the classification process, leading to potential for both misclassification problems and the potential for loss of information by categorizing the data into subgroups prior to conducting the statistical analysis. The use of the body weight at the end of the study as a continuous outcome in the statistical modeling of obesity, rather than obesity as a categorical outcome, might allow for less loss of information in predicting weight gain or obesity in animal models.
SUMMARY AND PERSPECTIVES
Results of whole-body calorimetry indicate that overfeeding results in an increase, but underfeeding causes a decrease, in energy expenditure in both lean and obese subjects (78) . Although animals can adapt to short-term changes in dietary intake of energy by altering rates of energy metabolism, chronic consumption of high-fat or high-energy diets ultimately leads to obesity in individuals. Obesity is defined as an accumulation of excessive amounts of white adipose tissue in the body. Available evidence shows that rats fed a LF or HF diet exhibit diurnal changes in RQ values and whole-body heat production over a 24 h period, likely due to differential expression of key biological-clock genes that regulate energy metabolism (91) . One of these genes is peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), which is rhythmically expressed in the liver and skeletal muscle of mice (91, 92) . Additionally, an increase in PGC-1α expression is associated with a reduction of adiposity in Zucker diabetic fatty rats in response to dietary supplementation with arginine (14) . PGC-1α activates expression of the retinoid-related orphan receptor family, thereby enhancing expression of clock genes, Bmal1 and Rev-erbalpha, to stimulate the oxidation of energy substrates to CO 2 and H 2 O in mammals (91) . In view of growing interest in amino-acid nutrition research (93) (94) (95) , the diet-induced obese rat provides a useful model with which to develop protein-or amino acid-based means to enhance energy expenditure in the hopes of preventing or treating obesity in humans and other animals (96) (97) (98) (99) (100) (101) (102) (103) (104) (105) . For analyses of the complex data on metabolism (including energy expenditure), a regression model can be constructed to accurately predict weight gain in adult rats based on diet, initial body weight gain, the principal component scores of RQ and heat production. Additionally, cluster analysis can be employed to classify animals as either normal-weight or obese based on initial weight gain and final body weight. Finally, the time-course data on O 2 consumption, CO 2 production, RQ, and heat production can be statistically analyzed using a mixed effect model that fits both fixed and random effects. The body weights of HFfed rats are greater than those for LF-fed rats. However, the rates of whole-body heat production per kg non-fat mass do not differ between these two groups of animals. Therefore, we conclude that metabolic conversion of dietary lipids into body fat primarily contributes to obesity in HF-fed animals. Interestingly, like humans (106, 107) , outbred rats have divergent genetic backgrounds depending on their sources and breeding locations (43) (44) (45) (46) (47) . Thus, some rats (e.g., Sprague-Dawley strain) fed a HF diet are resistant to the development of obesity, while some rats fed the LF diet become obese. Further studies are warranted to elucidate the underlying genetic and cellular mechanisms responsible for the development of obesity in mammals. Energy metabolism of male Sprague-Dawley rats (Charles River Laboratories) fed a LF (blue line) or HF (red line) diet. Rats were fed a LF or HF diet between 4 and 13 weeks of age. See Table 2 for experimental detail. At 13 weeks of age, rats were placed in a computer-controlled Oxymax instrument (an open circuit calorimeter; Columbus Instruments, OH) to measure 24-h O2 consumption, CO2 production, RQ and heat production (34). Values are mean ± SEM during the day (24 h) at the end of the study. There were 16 rats per diet group. Results were analyzed using a mixed effect model that fits both fixed and random effects (35, 36). The sign "*" denotes a significant effect of diet at the indicated time point. The sign "#" denotes no significant effect of diet at the indicated time point. RQ: P (diet); P (diet x time); P (time); P (time x time) and P (time x time x time) are all less than 0.001. VO2: P (diet) = 0.75; P (diet x time) = 0.12; P (time); P (time x time) and P (time x time x time) are all less than 0.001. VCO2: P (diet); P (diet x time); P (time); P (time x time) and P (time x time x time) are all less than 0.001. HP: P (diet) = 0.138; P (diet x time) = 0.018; P (time); P (time x time) and P (time x time x time) are all less than 0.001. Plots of the first two principal-component scores for rat energy metabolism. Male SpragueDawley rats (Charles River Laboratories) were fed a LF (blue circle) or HF (red circle) diet between 4 and 13 weeks of age. There were 16 rats per diet group. See Table 2 for experimental detail. Respiratory quotients (RQ) for 13-week-old male Sprague-Dawley rats (Charles River Laboratories) fed a low-fat (LF) diet (blue line) between 4 and 13 weeks of age. There were 16 rats in the LF group, with the animal identification number (#1 to #16) being shown at the top of each subplot. The experiment also involved 16 male Sprague-Dawley rats (Charles River Laboratories) fed a high-fat (HF) diet between 4 and 13 weeks of age. See Table 2 for experimental detail. Respiratory quotients (RQ) for 13-week-old male Sprague-Dawley rats (Charles River Laboratories) fed a high-fat (HF) diet (blue line) between 4 and 13 weeks of age. There were 16 rats in the HF group, with the animal identification number (#17 to #32) being shown at the top of each subplot. The experiment also involved 16 male Sprague-Dawley rats (Charles River Laboratories) fed a low-fat (LF) diet between 4 and 13 weeks of age. See Table 2 for experimental detail. At 13 weeks of age, rats were placed in a computercontrolled Oxymax instrument (an open circuit calorimeter; Columbus Instruments, OH) to measure 24-h O2 consumption, CO2 production, and RQ (34). The overall average trajectory (magenta line) for RQ values of the 32 rats (16 in the LF group and 16 in the HF group) at each time point is shown in each subplot. This aids in identifying which rats in the HF group had RQ values above or below the average and, therefore in interpreting data on the principal scores. The x-axis represents time during 24 h of the day, where time point "0" = 12 AM and time point "23" = 11 PM. Plot of predicted BW response (x-axis) versus observed BW values (y-axis). See Table 2 for experimental detail. Male Sprague-Dawley rats (Charles River Laboratories) were fed a LF (blue circle) or HF (red circle) diet between 4 and 13 week of age. Body weights of rats were measured weekly. The line y = x (in green) is added to assess the adequacy of the model's fit. Rates of heat production (HP) in 13-week-old male Sprague-Dawley rats (Charles River Laboratories) fed a high-fat (LF) diet (blue line) between 4 and 13 weeks of age. There were 16 rats in the LF group, with the animal identification number (#1 to # 16) being shown at the top of each subplot. The experiment also involved 16 male Sprague-Dawley rats (Charles River Laboratories) fed a high-fat (HF) diet between 4 and 13 weeks of age. See Table 2 for experimental detail. Rates of heat production (HP) in 13-week-old male Sprague-Dawley rats (Charles River Laboratories) fed a high-fat (HF) diet (blue line) between 4 and 13 weeks of age. There were 16 rats in the HF group, with the animal identification number (#17 to # 32) being shown at the top of each subplot. The experiment also involved 16 male Sprague-Dawley rats (Charles River Laboratories) fed a low-fat (LF) diet between 4 and 13 weeks of age. See Table 2 for experimental detail. Cluster analysis of body weights for 13-week-old male Sprague-Dawley rats (Charles River Laboratories) fed a low-fat (LF) or high-fat (HF) diet between 4 and 13 weeks of age. See Table 2 for experimental detail. Some rats in the LF group were obese, and some rats in the HF were resistant to the development of obesity. Two clusters of animals are clearly found in the plot based on the initial weight gain during the first week of HF feeding and the body weight at week 13. The rats weighing ≤ 470 and ≥ 470 g at 13 weeks of age are classified as normal-weight (yellow circle) and obese (blue circle), respectively. The mean body-weight in the obese group is 23% greater than that in the normal-weight group (536 vs 436 g). Body weights of male Sprague-Dawley rats (Charles River Laboratories) fed a low-fat (LF) or high-fat (HF) diet between 4 and 13 of age. See Table 2 for experimental detail. Based on the cluster analysis, 16 rats in each diet group were subdivided into either normal-weight or obese. Among the 32 rats, 12 of them (7 in the LF group and 5 in the HF group) are classified as normal-weight, while 20 of them (9 in the LF group and 11 in the HF group) are classified as obese. Values of the body weights are the means for each subgroup of rats at an indicated age, with the SEM being < 2.2% of the means. Center animal facilities and then were housed individually in carbonate cages in a temperature-and humidity-controlled room on a 12 h light /12 h dark cycle. After a 5-day period of adaptation to the facilities, during which rats were fed a regular non-purified diet (Harlan Teklad Catalog no. 8604), they were assigned randomly to either a low-fat (LF) or a high-fat (HF) diet (n = 16/diet) (12) as shown in Table 1 . Body weight and food intake of rats were recorded on a weekly basis between 4 and 13 wk of age.
Abbreviations
2 Values are means ± SEM, n = 16 rats/diet group.
3 Excluding cellulose.
a,b Means in a row without a common letter differ, P < 0.05, as analyzed by the unpaired t-test. Weights of tissues of 13-week-old rats (Charles River Laboratories) fed a low-fat or high-fat diet between 4 and 13 weeks of age 1,2 2 Values are means ± SEM, n = 16 rats/diet group. Energy metabolism data are expressed per kg body weight. In a 4-chamber calorimetry system, a 2-min measurement of O 2 consumption and CO 2 production is made for each rat at 8-min intervals for 24 h. The mean within each hour of the measurement is then computed, leading to 24 observations per rat for a day. Rat is the experimental unit in the statistical analysis.
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a,b Means in a column without a common letter differ (P < 0.01), as analyzed by the unpaired t-test.
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Table 7
Rates of resting oxygen consumption by major tissues of fasted adult rats The mean body weight of male Sprague-Dawley rats was 300 g (275 -325 g). Rats were fasted for 16 h before rates of oxygen consumption by the whole body, kidneys, liver and small intestine were made (66) . Perfused hindlimb and cardiac preparations were used to determine O 2 consumption by resting skeletal muscle (71) and working hearts respectively (72 tissue is estimated at 20% of that for resting skeletal muscle (59) . The rate of O 2 consumption by the rat is expressed as ml/100 g body weight/min. The rates of O 2 consumption by tissues are expressed as ml/100 g wet tissue weight/min.
2
Male Sprague-Dawley rats (Charles River Laboratories) were fed a low-fat diet (12) between 4 and 8 weeks of age. Tissues were obtained from 8-week-old rats after they were fasted for 16 h. The mean body-weights of rats were 308 and 301 g before and after a 16-h fast, respectively. BAT, brown adipose tissue; WAT, white adipose tissue.
3
Heat production was calculated as 4.8 cal (or 20.1 J) heat generated per 1 ml O Results of regression analysis of energy expenditure in rats fed a low-fat or high-fat diet between 4 and 13 weeks of age 
